Following an introduction of the importance of folates and the rationale for seeking to estimate fractional folate absorption from foods (especially for countries not having a mandatory folic acid fortification policy), scientific papers covering the mechanisms of folate absorption and initial biotransformation are discussed. There appears (post-1983) to be a consensus that physiological doses of folic acid undergo biotransformation in the absorptive cells of the upper small intestine to 5-methyltetrahydrofolic acid (as happens for all naturally-occurring reduced 1-carbon-substituted folates). This 'validates' short-term experimental protocols assessing 'relative' folate absorption in human subjects that use folic acid as the 'reference' dose. The underlying scientific premise on which this consensus is based is challenged on three grounds: (i) the apparent absence of a 5-methyltetrahydrofolic acid response in the human hepatic portal vein following absorption of folic acid, (ii) the low dihydrofolate reductase activity peculiar to man and (iii) the implications derived from recent stable-isotope studies of folate absorption. It is concluded that the historically accepted case for folic acid being a suitable 'reference folate' for studies of the 'relative absorption' of reduced folates in human subjects is invalid. It is hypothesised that the liver, and not the absorptive cells of the upper small intestine, is the initial site of folic acid metabolism in man and that this may have important implications for its use as a supplement or fortificant since human liver's low capacity for reduction may eventually give rise to saturation, resulting in significant (and potentially deleterious) unmetabolised folic acid entering the systemic circulation.
Introduction
Folic acid (pteroylmonoglutamic acid), though occurring rarely in nature, is the most oxidised and stable form of a vitamin used extensively for supplements and food fortification purposes. Folate is a generic term for the related family of water-soluble B-group vitamins found widely in foodstuffs, mainly reduced methyl and formyl folylpolyglutamates 1 , that have similar nutritional properties and chemical structures to those of folic acid 2, 3 . Reduced tetrahydrofolates, carrying 1-carbon substitutions at positions 5 and/or 10, are crucial for methionine and nucleotide biosynthesis 4, 5 . A significant reduction in the incidence and recurrence of neural tube defects, such as spina bifida, has been shown when women undertake periconceptual supplementation with folic acid 6, 7 . Low folate status is associated with elevated plasma homocysteine, a risk factor for CVD and stroke 8, 9 , and has been linked to dementia and Alzheimer's disease 10 . Low folate status is additionally associated with altered methylation of DNA that may affect gene expression and uracil induced genomic instability, both of which may increase cancer risk 11, 12 .
Fortification of food with physiological levels of folic acid may be expected to reduce the prevalence of folate-related diseases. Some countries have mandatory folic acid fortification of flour programmes (USA 1·4 mg/kg from 1998; Canada 1·5 mg/kg from 1998; Chile 2·2 mg/kg from 2000), but many European countries do not permit the fortification of foodstuffs with folic acid at all. Only a thorough knowledge of the fractional absorption of folate from a variety of folate supplements, fortified foods and natural food folates would allow us to answer the question of whether optimal folate status is easily achievable in countries that do not have a mandatory folic acid fortification policy. An international workshop concluded that the absorption of different folate vitamers from foods and isolates is not well understood 13 .
Mechanism of folate absorption
In human subjects, dietary folate polyglutamates are deconjugated at the mucosal epithelial cell brush border by folylpoly-glutamate carboxypeptidase (EC 3.4.17.21) to the corresponding monoglutamate forms 14 . Folic acid and reduced monoglutamyl folates are absorbed mainly in the proximal small intestine (jejunum) by a saturable, carrier-mediated, pH and energy-dependent transport mechanism which, unlike other epithelial tissues, appears to be unique in its lack of hierarchy of transport, having a similar affinity for both oxidised (e.g. folic acid) and reduced folate forms 15, 16 . Oral doses of folic acid in excess of about 260-280 mg (589 -634 nmol) have been reported to lead to the direct appearance of untransformed folic acid in the systemic circulation of man 17 . This indicates a saturation point, is evidence that intestinal conversion is not a prerequisite for transport, and is arguably indicative of the dividing line between physiological and nonphysiological oral doses of folate. Absorbed folate, which may undergo biotransformation in the absorptive mucosa (see next section), is subsequently transferred via the mesenteric veins to the hepatic portal vein and carried to the liver where an extensive amount (liver 'first-pass') is removed 18, 19 . The liver has a high affinity for the removal of folic acid 20 , but a lower one for the removal of 5-methyltetrahydrofolic acid which allows a reasonable fraction of this folate form to proceed uninterrupted into the systemic circulation where it usually appears, under fasting conditions, as the predominant plasma folate form for passage to tissues. Folates removed by the liver, some of which may have undergone further biotransformation, are partially released into the bile allowing significant re-absorption of folate from the small intestine and subsequent delivery of 5-methylterahydrofolic acid, via systemic circulating plasma, to tissues 21 . This process of 'enterohepatic recirculation' is responsible for maintaining baseline plasma folate levels 20 . Physiological doses of pure folate compounds seem to be well absorbed ($ 90 %) in both man 22, 23 and rats 24 .
Site of biotransformation of newly absorbed folates, and folate transport into the hepatic portal vein
A high-quality study, with catheterisation of the hepatic portal vein of three human adult volunteer patients, indicated that the absorptive mucosa simply rearranges the 1-carbon substitution of physiological doses of 5-formyltetrahydrofolic acid to 5-methyltetrahydrofolic acid before transport to the serosal side 25 , and transports 5-methyltetrahydrofolic acid unchanged. Using everted sacs of rat small intestine, one group reported no reduction (potentially via dihydrofolate reductase to H 2 -folic acid and then to H 4 -folic acid) and subsequent methylation of physiological doses of folic acid to 5-methyltetrahydrofolic acid 26 . In contrast, others not only reported significant degrees of mucosal bioconversion but also reported concurrently that folic acid above the physiological range was passively transported, appearing in circulating plasma in an untransformed state (i.e. that the mechanism of absorption was 'saturable') 15, 27, 28 . An explanation for the inability of some investigators to demonstrate the intestinal conversion of folic acid to 5-methyltetrahydrofolic in an alkaline medium was given by Strum 15 . He suggested that this may reflect that the enzyme dihydrofolic acid reductase (DHFR) has an acidic pH optimum for reducing folic acid to H 2 -folic acid (in contrast to the much wider acid-to-slightly-alkaline pH range for the reduction of H 2 -folic acid to H 4 -folic acid) and that whilst the intestinal conversion of folic acid to 5-methyltetrahydrofolic acid is extensive at pH 6·0 it is negligible at pH 7·5. Any previous argument and doubts over the degree to which physiological doses of folic acid could be reduced and methylated in mucosal epithelial cells appeared to be mitigated following publication of the high quality study of Tani & Iwai 29 . These authors reported on their in situ investigation of absorption and conversion of folic acid in the small intestine of the rat in vivo, with mesenteric vein sampling after jejunal loops were injected directly with a solution of 30 , it was being accepted post-1983 as the norm, with any lingering doubts muted. In particular, specifically those doubts generated some years earlier by the reported appearance of high concentrations of untransformed folic acid in the hepatic portal vein of human subjects following oral administration of doses of folic acid that were, arguably, non-physiological 31, 32 . This watershed was reflected in the consensus of subsequent scientific 'Review Articles' which invariably either overtly stated or implied that when the mucosal extracellular folic acid concentration is low (physiological) the small intestine efficiently reduces and methylates folic acid and, as with absorbed naturally-occurring reduced and 1-carbon-substituted folates, subsequently transfers essentially only 5-methyltetrahydrofolic acid to the hepatic portal vein 16, 21, 33, 34 . Thus, from 1983, short-term experimental protocols assessing 'relative' folate absorption in human subjects, which centred on methods comparing the serum/plasma response to a single oral test-dose relative to that of an equal 'reference' dose of folic acid, appeared to have been 'validated' since all consumed folates would broadly enter the hepatic portal vein as 5-methyltetrahydrofolic acid.
Short-term protocols for the estimation of 'relative' folate absorption Short-term experimental protocols, which do not allow assessment of slow-turnover folate pools in the body, are specifically designed to elicit an understanding of the kinetics of initial absorption, metabolism and transport of absorbed folates. They cannot predict whole-body folate turnover 33 . A shortterm protocol involves monitoring the appearance and subsequent clearance of the 5-methyltetrahydrofolic acid response in the fast-turnover plasma pool arising from absorbed and biotransformed oral test folates. However, since there is extensive but unquantified removal of newly absorbed folate from the hepatic portal vein (liver 'first-pass'), 'absolute absorption' cannot be estimated from plasma response 18, 19 . Instead, in an attempt to circumvent this problem, these protocols estimate 'relative absorption' comparative to a similar 'reference' dose of folic acid.
Work with radiolabelled folates has been confined mainly to animal models (usually the rat) that may not be comparable to human subjects. Application of pioneering work with stable-isotope folates in human subjects has generally lacked analytical sensitivity when used in single-dose protocols, especially when administered in the physiological range 33 . To date, the vast majority of short-term protocols attempting to assess 'relative' folate absorption in human subjects have centred on methods comparing the serum/plasma response to a single unlabelled oral test-dose relative to that of an equal unlabelled 'reference' dose of folic acid 19, 35 . This may entail either measurement of the rate of increase, or the maximum increase, in plasma folate concentration over 2-3 h 17,36 -40 , or measurement of the dose-normalised rise in plasma folate concentration AUC (the area under the curve of the increase in plasma 5-methyltetrahydrofolic acid concentration above fasting baseline level) over 6 h or more 41 -47 . Short-term protocols using unlabelled test folates have not just been confined to the field of nutrition and have also been used in pharmacokinetic studies 48 . Comparison of the dose-normalised AUC between test (food folate or isolate) and 'reference' folic acid has been accepted as a valuable indicator of absorption, provided the post-dosing plasma measurement test period is long enough to capture $ 80 % of the whole AUC 49 . However, it is dependent on the premise that the initial absorption and metabolism of folic acid satisfies the following four conditions: Condition-1, that physiological doses of folic acid are absorbed by the same mechanism as reduced folates, and with a similar affinity;
Condition-2, that physiological doses of folic acid are initially reduced and then methylated in the epithelial cells of the small intestine and that essentially only 5-methyltetrahydrofolic acid is exported from the mucosa to the hepatic portal vein, as is the case for absorbed physiological doses of all naturally-occurring reduced folates; Condition-3, that the kinetics of plasma 5-methyltetrahydrofolic acid response to folic acid is similar, if not equal, to that elicited for reduced 1-carbon-substituted naturally-occurring folates; Condition-4, that plasma 5-methyltetrahydrofolic acid response derives entirely from (biotransformed) newly absorbed folate.
Until recently, no systematic difference had been reported in the kinetics of plasma 5-methyltetrahydrofolic acid response to physiological concentrations of test folates and folic acid. However, new findings have recently shown that much of the plasma AUC response to oral folate doses is induced by, but is not actually derived from, the dose itself 50 . This phenomenon was reported later to also affect plasma vitamin C response to test doses of vitamin C 51, 52 . This raises the interesting question of whether this phenomenon will also be found to affect the plasma response to oral test doses of many other water-soluble vitamins. We interpreted our reported large, variable and unpredictable displacement of tissue 5-methyltetrahydrofolic acid into the plasma pool as contrary to Condition-4 above, thus making comparison of the relative absorption of folate from an unlabelled test dose (food or supplement) to an unlabelled folic acid 'reference' dose unusable 50 . Concurrent examination of the plasma 13 C-labelled 5-methyltetrahydrofolic acid response to 13 C-labelled (6S)-5-formyltetrahydrofolic acid and 13 C-labelled folic acid also unmasked an underlying serious discrepancy in plasma responses to these two folates 50 . This was possibly due to a limitation in the rate of initial mucosal reduction of folic acid to H 2 -folic acid, prior to further reduction to H 4 -folic acid and subsequent methylation, which may result in a slower transport of absorbed folate to the serosal side 53 . This is in complete contrast to Condition-3 above and thus renders direct estimates of 'relative absorption' using even labelled-AUC, which are derived definitively from the oral test-doses, invalid.
To overcome this, the application of suitable mathematical modelling 54, 55 , which makes complete allowance for any differences in the kinetics of plasma labelled 5-methyltetrahydrofolic acid response, can be used to estimate 'apparent absorption'. Apart from unlabelled 5-methyltetrahydrofolic acid (the lone folate form we detected in the baseline fasted plasma samples of our unfortified and unsupplemented volunteers), it is important to note that the only enriched folates appearing in plasma after ingestion of physiological doses of labelled 50, 55 .
Absorption and site of initial metabolism of folic acid in human subjects
The underlying scientific basis on which the post-1983 consensus is based (that physiological doses of folic acid undergo biotransformation to 5-methyltetrahydrofolic acid in the absorptive mucosal cells of the small intestine) is now challenged on three grounds: the apparent absence of a plasma 5-methyltetrahydrofolic acid response in blood sampled directly from the human hepatic portal vein following the mucosal absorption of folic acid; the evidence of an extremely low dihydrofolate reductase activity that seems peculiar to man; the implications derived from mathematical modelling of plasma labelled 5-methyltetrahydrofolic acid responses in human subjects to oral physiological doses of isotopicallylabelled folates.
Absence of a 5-methyltetrahydrofolic acid response in the hepatic portal veins of human subjects following an oral dose of folic acid
, who gave an oral dose of 1000 mg (2266 nmol) folic acid, and Meilikian et al.
32
, who gave a lower oral dose of 500 mg (1132 nmol) folic acid, both reported that human subjects transport folic acid unaltered into the hepatic portal vein. Both groups took blood samples from the hepatic portal vein, the hepatic vein and the systemic blood system for at least 2 h post-dosing. They concluded that folic acid was absorbed unaltered and removed by the liver which they proposed as the initial site of subsequent reduction and methylation. Critics would point to a number of perceived problems with this work: (i) the dose of folic acid used was non-physiological; (ii) the studies were carried out in patients with either liver disease (cirrhosis) or cancer; (iii) analysis of folate concentrations were undertaken by differential microbiological assay (L. casei and S. faecalis) in order to distinguish non-methyl folate from total folate. Nevertheless, it cannot be overemphasised that it is not the presence of copious amounts of untransformed folic acid in the hepatic portal vein that is noteworthy, since that would be an inevitable consequence of using a non-physiological dose. On the contrary, it is the almost complete absence of an assayable 5-methyltetrahydrofolic acid response in the hepatic portal vein that is remarkable, particularly when a dose of 500 mg (1132 nmol) was used 32 . This is only twice the dose of 260-280 mg (589-634 nmol) reported much later to be the threshold at which folic acid may even start to appear in the plasma 17 . Hence, at the very least, one may have expected at least half of the dose used by Melikian et al. 32 to have appeared as 5-methyltetrahydrofolic acid.
Heterogeneity in the dihydrofolate reductase activity between animals and human subjects Though initial work with crude enzyme preparations of DHFR had taken place earlier, it was perhaps the work of Zakrzewski & Nichol with highly purified chicken liver DHFR that first provided evidence for a single enzyme reducing folic acid and dihydrofolic acid (DHF; H 2 -folic acid) 56 . These authors reported that this enzyme reduced folic acid significantly slower than DHF with a more acidic optimum pH (4·4 -4·8 v. 5·2 -5·6, respectively), and that there was unmeasurable activity above pH 7·0 for folic acid but still reasonable activity for DHF. These conclusions, which indicate the initial reduction of folic acid to DHF to be the rate limiting step in the biotranformation of folic acid, were confirmed by Mathews & Huennekens 53 . Human placental DHFR also showed two pH optima (with unmeasurable activity for folic acid above pH 7·0) with the activity for reducing folic acid seventy-five times lower than DHF at pH 6·2 57 . Nylen et al. 58 reported a distinct lack of dihydrofolate reductase activity in human biopsy and autopsy samples compared to cultured cells. Kamen et al. 59 noted dihydrofolate reductase activity in normal human tissue and human tumour and leukaemia cells in vivo that was several-hundred times lower than present in human cell lines grown in vitro, or normal animal liver tissue. One hypothesis put forward for the discrepancy was that the higher level of DHFR activity with in vitro cell lines could be due to the high levels of folic acid used historically in culture medium. The apparent heterogeneity in the dihydrofolate reductase activity between animals and human subjects was confirmed in a later paper which concluded that low levels of DHFR activity are a feature peculiar to man, shared in part only by closely related primates (the great apes), which distinguishes him from most animals and birds 60 . The implications of these differences, particularly between rat (the historical experimental animal model used in formulating most of the current understanding of folatemonoglutamate absorption and initial metabolism) and man, have perhaps not been fully appreciated. In comparison to 5-formyltetrahydrofolic acid, the lower effectiveness of folic acid to correct deoxyuridine suppression in megaloblastic marrows (a consequence of folate deficiency) was partly attributed to a delay in reduction of folic acid to tetrahydrofolic acid inside cells 61 . Modern HPLC analytical techniques, capable of accurately measuring DHFR in crude extracts, have indicated that DHFR activity in human liver is about seventy times or more lower than in rat liver 62, 63 . Of course a simple comparison of enzyme activity ex vivo does not necessarily reflect quantitative differences in the ability to metabolise folic acid, particularly since enzyme activity is pH-dependent and may be compartmentalised within the cell. However, the fact that the clearance of unmetabolised folic acid from the human systemic circulatory system was noted by these authors to be quite slow, and that 78 % of 105 American postmenopausal women have been observed to have measurable concentrations of unmetabolised folic acid in samples of their fasting plasma 64 , strongly suggests that DHFR activity in the human mucosa, as well as the liver, must also be quite low. Our reasoning is as follows. A portion of the human systemic blood flow is continuously diverted via the splenic and mesenteric arteries where it eventually arrives at the hepatic portal vein (formed from the superior mesenteric and splenic veins) thus allowing the potential for clearance (and subsequent reduction and then methylation) of any systemically circulating folic acid by the human liver, which we now know to have a limited DHFR capacity. When systemically circulating folic acid is presented to the human liver some of it can reappear in bile as unchanged folic acid 65 . The process of enterohepatic re-circulation will allow for the significant re-absorption of biliary folic acid from the small intestine 20, 21 ; a recent multi-compartment kinetic model indicating a 24-fold higher flux of bile folate than that previously thought 66 . Though human liver is known to have a limited DHFR capacity in comparison to the rat, it cannot be argued that it is still theoretically possible for human subjects to have a good mucosal DHFR activity because enterohepatic re-circulation works in tandem with continuous partial systemic blood flow via the hepatic portal vein through the liver. If mucosal DHFR activity in human subjects was much better than that seen in human liver, then the clearance of excess folic acid from the systemic system would not be observed to be quite slow, as it could then be processed alternatively by the mucosal cells of the upper small intestine. The overall implication is that, in comparison to the rat, man is not likely to have the capacity to significantly reduce folic acid in the absorptive mucosa. Thus, most of a physiological dose of folic acid may inevitably be transported by the absorptive mucosa into the hepatic portal vein in an untransformed state to be sequentially removed by the liver for processing (with a much higher affinity than the 5-methyltetrahydrofolic acid usually presented 20 . This would result in a delayed release (via entero-hepatic re-circulation) into the systemic blood system of 5-methyltetrahydrofolic acid, its biotransformed metabolite 31 . A delayed plasma response to folic acid compared to a reduced folate was confirmed by the use of isotopically labelled folates 50 , though whether this was due to a delay in mucosal or liver biotransformation could not be concluded.
Mathematical modelling of plasma labelled 5-methyltetrahydrofolic acid responses to oral physiological doses of isotopically-labelled folates
The advent of stable-isotope-labelled folates allows folate absorption to be tracked not only with sensitivity but, more importantly, with specificity. This way, folate can be followed and differentiated from the natural store of folate already present in the body. The recent use of mathematical modelling 55 , which bypasses the need for adherence to Condition-3 because it completely takes into account differences in the kinetics of plasma response, infers that sequestration of physiological doses of folic acid to the liver is the main cause of a delayed plasma response. This conclusion is incompatible with current theory that only 5-methyltetrahydrofolic acid enters the hepatic portal vein after oral ingestion of physiological doses of any folate form. Mathematical modelling of stable-isotopelabelled plasma 5-methyltetrahydrofolic acid response was used to estimate the 'apparent absorption' of single oral physiological doses of [ 55 . The 'apparent absorption' of reduced folates was significantly higher than for the 'reference' dose of folic acid; generating 'relative absorptions' significantly in excess of 100 % for both 5-formyltetrahydrofolic acid (158 %) and spinach-folate (183 %). This was unexpected, and biologically impossible, since the 'true absorption' of physiological doses of [
14 C]folic acid in human subjects has been reported to approximate 90 % or more 22, 23 . It was concluded, contrary to current theory, that a significant fraction of absorbed [ 13 C 6 ]folic acid may be entering the hepatic portal vein unchanged in contrast to Condition-2, to be more effectively removed by the liver than reduced 5-methyltetrahydrofolic acid, prior to subsequent biotransformation and (limited) enterohepatic recirculation.
Implications for the use of folic acid as a 'reference folate'
The essential absence of a plasma 5-methyltetrahydrofolic acid response in human blood sampled directly from the hepatic portal vein following a dose of folic acid 31, 32 , the extremely low dihydrofolate reductase activity that now seems peculiar to man 60, 62, 63 , the recent implications derived from mathematically-modelled 'apparent absorption' of isotopically-labelled folates 55 , and the observation of unmetabolised folic acid in plasma of fasted American females 64 are key observations. Collectively, they arguably justify the proposition that, unlike the rat (the chief historical experimental animal model), absorbed physiological doses of folic acid are essentially transferred to the hepatic portal of man in an unmetabolised state to be subsequently removed and metabolised by the liver. The main implication of this is that the currently accepted case for folic acid being a suitable 'reference folate' for studies of the 'relative absorption' of reduced folates in man, particularly in short-term experimental protocols, is invalid.
If subsequent experimentation, using sensitive liquid chromatography -tandem MS techniques 67, 68 , confirms that physiological doses of stable-isotope-labelled folic acid mainly enter the hepatic portal vein of man in an unmetabolised state, then folic acid should be avoided as the 'reference' folate in 'short-term' studies of the absorption of reduced folates. We suggest that it could be replaced by (6S)-5-methyltetrahydrofolic acid (the natural folate form found in circulating blood plasma). Furthermore, it is questionable whether folic acid should be used as the 'reference' folate in longerterm dietary intervention studies where surrogate biological markers of nutritional status or metabolic wellbeing are used as arguments to the relative absorption of folate from basal diets supplemented with natural 'high-folate' foods versus those supplemented with an equal amount of folic acid (supplied in either supplemental form or as folic acid-fortified foods). This is because changes in surrogate markers may be influenced by differential tissue distribution of supplemented naturally-occurring reduced folates and folic acid between the liver and other body tissues. This may explain the recent observation that erythrocyte folate concentrations increase more after supplementation with (6S)-5-methyltetrahydrofolic acid than with folic acid 69 .
Implications for the use of folic acid as a fortificant or supplement
If the initial primary site of folic acid metabolism in human subjects is actually the liver then, because of liver's apparent poor dihydrofolate reductase activity, it would seem entirely logical to hypothesise that regular daily intake of physiological doses of folic acid may eventually result in its chronic appearance in plasma of the systemic circulatory blood system. This may even happen at quite modest physiological doses since poor liver dihydrofolate reductase activity could give rise to eventual saturation of the liver folate-monoglutamate pool with regular intake of doses well below that of the acute threshold dose (260-280 mg; 589-634 nmol) that has been noted to result in its subsequent appearance in plasma 17 . Such an hypothesis could go a long way to explaining observations of the systemic appearance of unmetabolised folic acid observed in both fasting and non-fasting American subjects exposed to what is debatably quite a modest policy of mandatory folic acid fortification 64, 70 . Though there have been a variety of concerns expressed regarding the potential negatives of mandatory fortification policies, some of these may arguably result from the generality of an inappropriate exposure to high concentrations of folate per se, rather than specifically to folic acid (pteroylmonoglutamic acid); the current exclusive fortificant folate form. The following discussions are solely restricted to potential concerns in human subjects for which there is either metabolic or direct observational arguments that derive uniquely from a systemic exposure to unmetabolised folic acid.
Potential masking of the anaemia of B 12 deficiency
Effects on cognitive function. Concern that the US policy of mandatory fortification may to a significant degree may 'mask' the anaemia of vitamin B 12 deficiency, primarily in the elderly population, appears to have been unwarranted as there is no evidence of an increase in the proportion of subjects with low vitamin B 12 concentration but without anaemia 71 . Whether fortification at 280 mg/100 g flour (double that of the US), as proposed for the UK, would have an impact is unknown. A review on folic acid and cognition in Folic acid metabolism in human subjectsolder persons, which recognised that there may be positive benefits derived from folic acid fortification, concluded that the potential harm is the greater concern 72 . A high intake of folate (mainly as a result of the intake of folic acid) has been associated with accelerated cognitive decline in older persons, with the hypothesis that this may be related to low vitamin B 12 status 73 . In contrast, results from the Folic Acid and Carotid Intima-media Thickness (FACIT) Trial on B 12 replete adults aged 50-70 years suggested that folic acid supplementation may improve domains of cognitive function that tend to decline with age 74 . A contemporary paper 75 , examining American seniors exposed to mandatory folic acid fortification, confirmed that when vitamin B 12 status is normal, high serum folate is associated with protection against cognitive impairment. However, in seniors with low vitamin B 12 status it also confirmed the hypothesis that high serum folate is associated with cognitive impairment; with the suggestion that this effect may be due to unmetabolised folic acid in the circulation. Thus folic acid supplementation/fortification may be a 'double-edged sword' capable of exhibiting polar 'Jekyll and Hyde' characteristics, depending on vitamin B 12 status. An accompanying editorial succinctly listed some of the challenging research questions that may need to be addressed if this dichotomous interaction between folic acid and B 12 is confirmed 76 . Effect on cancer. Arguably, it is important here to distinguish between the relationship between (naturally-occurring) folate and cancer and the potential effects of appreciable concentrations of systemically-circulating unmetabolised folic acid and cancer. Low folate status may be a risk factor for cancer, possibly through uracil induced genomic instability 11 and/or altered methylation of DNA 12 , and having an adequate folate status (achievable through sufficient intake of folate, including folic acid) may thus be beneficial.
As compared to the activity in fresh human cells ex vivo, similar cells cultured in vitro with folic acid as the source of folate can have their DHFR activity increased 100-fold or more 59 . If an up-regulation of DHFR activity can be also induced in vivo this may be accompanied by increased thymidylate synthase activity since the transcription of both these genes is co-regulated by the same E2F-1 transcription factor 77, 78 . Mathematical modelling indicates that this would increase pyrimidine production (the rate-limiting step for DNA synthesis) without significantly affecting the rest of folate metabolism 79 . It could thus be hypothesised that, in contrast to an increased exposure to the naturally circulating folate (6S)-5-methyltetrahydrofolic acid, exposure to unmetabolised folic acid may increase cells' capacity for division, thus predisposing to an 'accelerating' effect which may be detrimental in the context of cancer. Of course if, with prolonged exposure to folic acid, DHFR is inducible in small intestine mucosa and liver then it could potentially somewhat mitigate systemic exposure to unmetabolised folic acid. However, direct evidence of the appearance of folic acid in serum of both fasting 64 and non-fasting 70 American adults many years after the 1998 introduction of mandatory folic acid fortification indicates that any such alleviation must be of limited consequence.
Recent research findings, in human subjects, suggest that folic acid supplements may increase the risk of multiple colorectal adenomas (Asprin -Folate Polyp Prevention Trial) 80 and that plasma folate concentrations are associated with colorectal cancer in a U-shaped manner such that high, as well as low, folate concentrations may increase colorectal cancer risk 81 . Additionally, a recent paper, reporting on a prospective study of US subjects, suggests that a high intake of folate 'generally attributable to supplemental folic acid' may increase the incidence of breast cancer in postmenopausal women 82 . In respect of hyperplasia, supplementation with folic acid at only 1 mg/d adversely increases the risk and rate of in-stent restenosis in men, and the need for target-vessel revascularisation 83 . For the vast majority of patients undergoing coronary intervention, stenting (as opposed to balloon angioplasty) was reported as the current method of choice; for which proliferation of smooth-muscle cells is one of the most important mechanisms leading to restenosis. It was concluded that previously reported positive effects of folic acid on coronary restenosis appeared to be predominantly in patients who were treated with balloon angioplasty alone, where thrombus formation within the intimal cracks and vascular remodelling are of predominant importance to the process of restenosis; these changes being potentially more susceptible to the folateinduced effects of homocysteine lowering.
Effect on anti-folate chemotherapy. A further area of concern is the potential for negative effects on chemotherapy using the anti-folate drug, methotrexate. Its mode of action is to limit folate availability to cells by reducing (by substrate competition) the activity of dihydrofolate reductase, an enzyme whose gene could also conceivably be up-regulated through exposure to high concentrations of folic acid. Posthoc analysis from two randomised, controlled studies has indicated that folic acid reduces the degree of improvement of methotrexate-treated rheumatoid arthritis patients 84 . Additionally, a recent study in a US population has indicated that high serum folate levels above about 50 nmol/litre (approximately 22 ng/ml), a similar concentration above which unmetabolised folic acid makes up about 15 % of total folate 70 , significantly increases the failure of ectopic pregnancy treatment with single-dose methotrexate 85 . Effect on multiple births. We accept the conclusions of Li et al., that previous claims, from European studies, that folic acid supplementation may increase the risk of multiple births may have been affected by the use of ovarian stimulation 86 . However, more and more individuals (currently about 14 % in Europe) seek medical advice for infertility, of which about half undergo in vitro fertilisation. It has recently been reported that high folate status (attributable to folic acid supplementation) increases the likelihood of multiple births after in vitro fertilisation, with its associated increased risks of maternal and infant mortality and morbidity, at a rate similar to that seen in the USA after mandatory folic acid fortification 87 . Effect on immune function. New research has indicated that the concentration of unmetabolised folic acid (but not the concentration of natural circulating folate, (6S)-5-methyltetrahydrofolic acid) correlates to a reduction in the cytotoxicity of natural killer cells. 64 . Since experimental and clinical evidence supports a role of natural killer cells in tumour cell destruction 88 , and that they may be considered a first line of host defence against carcinogenesis, it was hypothesised that this would suggest another way in which excess folic acid (but not circulating high concentrations of 'natural' 5-methyltetrahydrofolic acid) might promote existing premalignant and malignant lesions.
Conclusions
Our recent results from stable-isotope-folate absorption studies and a re-appraisal of historical literature, strongly suggests that the initial site of folic acid biotransformation in human subjects is the liver, and not the mucosal absorptive cells of the upper small intestine. Such a conclusion invalidates the historical use of folic acid as a 'reference dose' in studies of the 'relative absorption' of reduced folates in man. It can be concluded that previous attempts to gauge the absorption of synthetically-produced 'nature-identical' (6S)-5-methyltetrahydrofolic acid (the natural circulating folate form, which arguably should be the form generally used as the 'reference folate' in most future acute and longterm folate-absorption studies), by expressing the plasma response 'relative' to that from an equal dose of folic acid, are untenable. This is not only because unlabelled folate test doses have been used, but because even the use of labelled folates and mathematical modelling cannot overcome the inherent flaw of using folic acid as the 'reference' folate, as we currently argue in this paper. It is suggested that the absolute absorption of oral physiological doses of (6S)-5-methyltetrahydrofolic acid in human subjects can only be estimated using 14 C-label protocols and accelerator MS, as it has for folic acid 23 . Additionally, since human subjects uniquely amongst mammals and birds have a reduced dihydrofolate reductase activity (and a poor ability to reduce folic acid), it is hypothesised that even a modest regular daily intake of physiological doses of folic acid could eventually saturate the preliminary liver folate-monoglutamate pool. This would result in the subsequent chronic appearance of unmetabolised folic acid in the systemic circulatory blood system which arguably, according to circumstance, increasingly looks as though it can induce polar 'Jekyll and Hyde' health effects. Before mandatory folic acid fortification is introduced to the UK, it is suggested that a thorough appraisal of all potential concerns that derive uniquely from the systemic circulation of unmetabolised folic acid should be addressed methodically to ascertain a true picture of risk/benefit of fortification.
